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1
CROSSED FIELD DEVICE

GOVERNMENT INTEREST

The conditions under which this invention was made are
such as to entitle the Government of the United States under

paragraph 1(a) of Executive Order 10096, as represented by
the Secretary of the Air Force, to the entire right, title and

interest therein, including foreign rights.

CROSS-REFERENCE TO RELATED
APPLICATIONS

Not Applicable.

FIELD OF THE INVENTION

The present disclosure relates generally to vacuum elec-
tronic microwave oscillators. More particularly, this disclo-
sure applies to recirculating planar magnetrons. Specifically,
this disclosure relates a device 1n which the extracted
microwave output of the upper and lower sections of a
recirculating planar magnetron remain in phase and allows
for optimal extraction of microwave power.

BACKGROUND

With 1nitial reference to FIGS. 1 and 2, a recirculating
planar magnetron (RPM) 100 1s a high-power crossed-field
radio frequency (RF) or microwave source that includes a
cathode 102 surrounded by an anode 104 for creating a
direct current (DC) or quasi-DC electric field (E) applied
from the cathode to the anode region. Additionally, magnetic
clements 106 are placed on either side of the cathode 102
and anode 104 for creating a magnetic field (B) that is
orthogonal to the electric field. Accordingly, as the term 1s
used herein, “crossed field” refers to the fact that a static
magnetic field (B) applied to the device and the direct
current (DC) or quasi-DC electric field (E) applied from the
cathode to the anode regions of the device are generally
orthogonal 1n direction. Microwaves generated within the
RPM 100 are directed away from the anode 104 via wave-
guides 124 to the intended load.

As shown 1n FIG. 3, the anode 104 includes first and
second planar magnetron sections 108, 110, respectively
(also referred to herein as the “upper” and “lower” magne-
tron sections, respectively, as illustrated). Additionally,
recirculation sections 112 connect the planar magnetron
sections 108, 110 together. Fach of the planar magnetron
sections 108, 110 contains periodic corrugations comprised
of vanes 114 and cavities 116. A “period” of the planar
magnetron section 1s the space or distance required for a
structure of the planar magnetron to be repeated. In this case,
the period length 1s equal to the width of one vane 114 and
one cavity 116. In this embodiment, the same number of
vanes 114 and cavities 116 are placed on each of the planar
magnetron sections 108, 110. However, 1in other embodi-
ments, the number of vanes and cavities on one planar
magnetron section may be different from the number of
vanes and cavities on the opposite planar magnetron section.
This structure of vanes 114 and cavities 116 1s often referred
to as a “slow wave structure” because of 1ts tendency to slow
the velocity of oscillatory electromagnetic (or “EM™) waves
traveling along the structure to less than the speed of light,
which 1s necessary for the RPM 100 to function.

In FIGS. 4A and 4B, a cross section of a cathode posi-
tioned between the first and second planar magnetron sec-
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tions 108, 110 of the anode 104 1s provided. In these images,
the recirculation sections have been removed for simplicity.
In FIG. 4A, a solid cathode 102' 1s shown. On the other hand,
in FIG. 4B, a segmented cathode 102 having a number of
gaps 118 provided along 1ts length 1s shown. The gaps 118
formed 1n the segmented cathode 102 are laterally aligned
with the cavities 116 formed between the vanes 114 of the
upper and lower planar magnetron sections 108, 110. In each
case, the electric field (E) and magnetic field (B) are
illustrated. The cross product of these two fields results 1n
clectrons drifting 1n the direction shown by V.- along both
sides of the cathode and then around the recirculation
sections 112, which results in the creation of microwaves
being formed 1n the cavities 116 of the anode 104.

In RPMs utilizing a solid cathode 102' (FIG. 4A), the first
and second planar magnetron sections 108, 110 couple
primarily through the recirculation sections located adjacent
cach of the ends of the cathode. Coupling 1n this manner can
be somewhat weak. As a result, during operation of this type
of RPM, 1t 1s possible for the electromagnetic RF oscilla-
tions 1n the upper and lower planar magnetron sections 108,
110 to dnift 1in frequency and phase with respect to one
another. On the other hand, as shown in FIG. 4B, a seg-
mented or “mode control” cathode 102 provides gaps 118
that enable additional coupling paths to be created between
the upper and lower planar magnetron sections 108, 110.
Use of a mode control cathode 102 results 1in better fre-
quency locking and phase stability of the overall device.

One method for extracting microwave power from an
RPM requires two adjacent cavities of a magnetron slow
wave structure to be coupled together 1nto a single extraction
waveguide. To function optimally while utilizing this extrac-
tion method, the RPM should operate i “p1 mode,” which
occurs when the RF electric field across each adjacent
magnetron cavity differs by 180 degrees (or pi1 radians).
When using a mode control cathode, 1ts modes of operation
may be divided into a set of even modes and a set of odd
modes and each set of modes has its own pure p1 mode (1.¢.,
the set of odd modes will have an odd p1 mode and the set
of even modes will have an even p1 mode). The terms “even”
and “odd” are used to denote when the RF oscillations of the
upper and lower sections of the RPM are in phase or 180
degrees out of phase, respectively. Because power coupled
into waveguides attached to the upper and lower sections of
the RPM will be dictated by this phase relationship, the RF
energy 1n the extraction waveguides coupled to the upper
RPM section may either be 1n phase or 180 degrees out of
phase with the RF energy in the extraction waveguides
coupled to the lower RPM section. As discussed above, the
gaps 118 formed in the segmented cathode 102 are laterally
aligned with the cavities 116 formed between the vanes 114
of the upper and lower planar magnetron sections 108, 110.
This configuration allows the required electromagnetic com-
munication to occur between the upper and lower slow wave
structures that allows the device to operate 1n either the odd
p1 mode or the even p1 mode.

The dispersion diagram shown in FIG. 5 describes the
relationship between frequency and phase shift per cavity
for a given set of modes. Plotted 1n the dispersion diagram
are curves that represent the frequency and phase shiit
relationships for the first passband of the even mode 136 and
odd mode 138 that occur when a mode control cathode is
used. As 1llustrated by the dispersion diagram, when using a
mode control cathode, the strong coupling between upper
and lower planar magnetron sections allowed by the gaps 1n
the cathode enhances phase synchronism 1n the electromag-
netic oscillations of the upper and lower planar magnetron
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sections. As discussed above, use of the mode control
cathode splits the first passband 1nto a set of even modes and
a set of odd modes. If a solid cathode were to be used, there
would be only one curve. The p1 mode of each mode set
occurs where the phase shift per cavity 1s equal to 180
degrees or pi1 radians.

Cross-sectional views of an RPM operating 1n p1 mode are
illustrated 1n FIGS. 6 A-6C. In FIG. 6 A, an RPM with a solid
cathode 102' 1s 1llustrated. Coupling of the upper and lower
planar magnetron sections 108, 110 of the RPM takes place
primarily through the recirculation sections (not shown), as
discussed above. The coupling 1s generally weak and, as a
result of this weak coupling, the p1 mode oscillations in the
upper and lower planar magnetron sections 108, 110 may not
be completely synchronized in phase. The upper electron
spokes 120 are 1n a slightly different configuration from the
lower electron spokes 122. This indicates that the p1 mode
oscillations 1n the upper planar magnetron section 108 are
slightly out of phase with the p1 mode oscillations in the
lower planar magnetron section 110 and, thus, have a
different appearance.

On the other hand, FIG. 6B depicts an RPM with a mode
control cathode 102 operating in the even p1 mode and FIG.
6C depicts an RPM with a mode control cathode operating
in the odd p1 mode. In this case, the upper and lower electron
spokes 120, 122 are significantly more uniform 1n appear-
ance and shape due to the increased coupling that 1s made
possible by the gaps 118 formed 1n the segmented cathode
102. The uniformity 1n shape 1s an indicator that the upper
and lower slow wave structures 108, 110 are locked into the
same mode (either the even or odd p1 mode) mnstead of
operating in different modes.

Representations of the oscillatory RF electric field 126 for
the even p1 mode and the odd p1 mode are shown in FIGS.
7A and 7B, respectively. The relative polarity of each vane
at the depicted 1nstant of time 1s indicated by the “+” or “-".
The RPMs illustrated are operating in the p1 mode and, for
that reason, adjacent vanes in the upper and lower planar
magnetron sections 108, 110 have polarties that differ by
180 degrees (or p1 radians). Thus, a “period” of the EM
emission in the p1 mode 1s the amount of space required for
the polarity to be repeated. For example, a period 1s the
distance from one vane having a relative polarity of “+ to
the next vane having a relative polarity of “+”. Likewise, a
period 1s also the distance from one vane having “-"" relative
polarity to the next vane having a “-” relative polarity. In
this case, when the RPM 1s operating 1n p1 mode, the period
length 1s equal to the width of two vanes and two cavities.
In this embodiment, the same number of vanes and cavities
are placed on each of the planar magnetron sections 108,
110. During even p1 mode operation (FIG. 7A), opposing
vanes 1n the upper planar magnetron 108 section and lower
planar magnetron section 110 have the same polarity. For
example, vane 114A and vane 114B each have a matching
“+” polarity. By contrast, during odd p1 mode operation
(FIG. 7B), opposing vanes 114 in the upper planar magne-
tron section 108 and lower planar magnetron section 110
have opposite polarity. For example, vane 114C has a “+”
polarity, but vane 114D has a “-" polarnty.

In FIG. 8, applied magnetic field 1s plotted against planar
diode voltage (related to the electric field E applied from the
cathode 102 to the anode 104 in FIG. 4B) for various modes
of RPM operation. The “planar diode voltage” refers to the
DC or quasi-DC voltage applied between the cathode and
the anode of the RPM. Application of this voltage allows the
tformation of the DC or quasi-DC electric field E discussed

previously. As explained below, this plot demonstrates a
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number of advantages associated with operating an RPM 1n
the even p1 mode over operating the RPM 1n the odd p1
mode.

First, the even p1 mode 1s attainable at lower magnetic
fields than 1s the odd p1 mode. This means that an RPM

intended to operate 1n the even p1 mode requires less power
for electromagnetics or less magnetic material for permanent
magnets than would an RPM intended to operate in the odd
p1 mode. Second, the magnetic field range over which the
even p1 mode 1s accessible 1s much larger than the range over
which the odd p1 mode 1s accessible. This means that the
system controlling the magnetic field setting for an RPM
intended to operate in the even p1 mode would require a
lower degree of precision than the magnetic field control

system for an RPM intended to operate 1n the odd p1 mode.
A lower precision control system could be expected to be
lower 1n cost and complexity than one required to provide a
higher degree of precision. Lastly, the range of applied
magnetic field magnitudes 1n which the odd p1 mode can be
accessed also supports undesirable modes, such as the

mode. This indicates that the operation of the odd p1 mode
1s likely to be less stable than that of the even p1 mode. This
reduced stability could allow the RPM to more easily start
up 1n a mode other than the odd p1 mode or to uncontrollably
transition to another mode when originally operating in the
odd p1 mode.

On the other hand, there are also advantages to operating
an RPM 1n the odd p1 mode over operating the RPM 1n the
even p1 mode. FIG. 9A 1llustrates an extracted RPM, where
pairs of adjacent cavities 116 are coupled into waveguides
124 via apertures 128 in the cavity walls for extracting
microwave energy from the anode 104. The RPM 1s pro-
vided with a mode control cathode 102 and 1s operating in
the even p1 mode. As a consequence of operating in the even
p1 mode, the EM waves 130 within the upper extraction
waveguides 124 at this particular instant 1n time are oriented
in a downward direction, whereas the EM waves 132 within
the lower extraction waveguides 124 at this particular instant
in time are oriented in an upward direction. Thus, EM waves
130 are 180 degrees out of phase with EM waves 132. In this
scenario, 1i the upper and lower waveguides 124 are brought
together, the EM waves 130, 132 would partially or com-
pletely cancel each other out (i.e., destructively interfere),
thereby resulting in an mability to efliciently extract power
from the device. This eflect 1s depicted 1n FIG. 10A, where
the EM waves 130, 132 1n the upper and lower waveguides
124 are 180 degrees out of phase, which results 1n no
transmitted power 1n the combined output waveguide 134.

On the other hand, FIG. 9B illustrates an extracted RPM
provided with a mode control cathode 102 that 1s operating
in the odd p1 mode. As a consequence of operating in the odd
p1 mode, the EM waves 130 within the upper extraction
waveguides 124 at this particular instant in time are oriented
in a downward direction, and the EM waves 132 within the
lower extraction waveguides 124 at this particular instant 1n
time are also oriented 1n a downward direction. Thus, EM
waves 130 are 1n phase with EM waves 132. If the upper and
lower waveguides are brought together, the waves would
combine constructively (1.e., constructive interference) into
a combined wave, thereby resulting in eflicient power
extraction from the device. This eflect 1s depicted in FIG.
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10B, where the EM waves 130, 132 in the upper and lower
waveguides 124 are 1n phase and combine constructively to

generate combined wave 140. This results 1n the transmattal
of power 1n the combined output waveguide 134.

As shown above, operating an RPM 1n the even p1 mode
1s advantageous because 1t results 1n increased stability and
reduced requirements for the applied magnetic field. How-
ever, operation in the odd p1 mode 1s also advantageous
because it results in 1mn-phase RF extraction of power from
the RPM. Accordingly, what 1s needed 1s a recirculating
planar magnetron that provides the desirable phase relation-
ship between extracted microwave power 1n the upper and
lower waveguides which 1s characteristic of operating in the
odd p1 mode, while also minimizing power requirements and
precision control necessary to operate as characterized by
operating in the even p1 mode.

SUMMARY OF THE INVENTION

The above and other needs are met by an anode for use in
a crossed field device operating i a selected mode of
operation for generating electromagnetic (EM) emissions.
The anode includes a first slow-wave structure having a
plurality of first vanes separated by cavities formed ther-
cbetween and a second slow-wave structure having a plu-
rality of second vanes separated by cavities formed therebe-
tween. The second vanes are vertically spaced apart from the
first vanes to provide a space therebetween. At least one of
the first vanes 1s laterally aligned with one of the second
vanes. Furthermore, the first vanes are offset from the second
vanes by an oflset distance so that at least one of the first
vanes 1s not laterally aligned with a second vane and at least
one of the second vanes 1s not laterally aligned with a first
vane. The oflset distance i1s equal to the width of an odd
number of hali-periods of the electromagnetic (EM) emis-
sions (1 half period, 3 half periods, 5 half periods, etc.)
generated in the selected mode of operation. In certain cases,
the offset distance 1s equal to the width of one vane and one
cavity. In some cases, the offset distance 1s sized such that
a first vane having a predetermined EM polarity 1s laterally
aligned with a second vane having an equivalent EM polar-
ty.

In certain embodiments, one or more apertures are formed
in one or more of the cavities between each of the first and
second vanes. The apertures are sized and configured to
permit extraction of EM emissions from said cavities. In
some cases, extractors are coupled to said apertures to
transier EM emissions away from the anode to an mtended
load. Additionally, 1n some cases, each extractor 1s a wave-
guide and each waveguide 1s joined together with at least
one other waveguide to form a combined waveguide.

In certain embodiments, the anode includes a short con-
nection member and a long connection member extending,
outwards from opposing ends of each of the first and second
slow-wave structures. The long connection member 1s lon-
ger than the short connection member by a distance equal to
the offset distance such that, by joining the short connection
member of each slow-wave structure to the long connection
member of the opposite slow-wave structure, the first and
second slow-wave structure are joined together and the first
vanes are oflset from the second vanes by the offset distance.

Also disclosed herein 1s a crossed field device for gener-
ating electromagnetic (EM) emissions as the cross product
of an electric field (E) and a magnetic field (B), where the
crossed field device operates 1n a selected mode of opera-
tion. The crossed-field device first includes generally an
anode having a first slow-wave structure having a plurality
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of first vanes separated by cavities formed therebetween and
a second slow-wave structure having a plurality of second
vanes separated by cavities formed therebetween. The sec-
ond vanes are vertically spaced apart from the first vanes to
provide a space therebetween. At least one of the first vanes
1s laterally aligned with one of the second vanes, and the first
vanes are oilset from the second vanes by an oflset distance
so that at least one of the first vanes 1s not laterally aligned
with a second vane and at least one of the second vanes 1s
not laterally aligned with a first vane. The device further
includes a cathode disposed in the space located between
first and second vanes and a magnetic element for generating
a magnetic field (B), which 1s oriented orthogonally to an
clectric field (E) formed by the anode and cathode to
generate EM emissions.

In certain embodiments, the offset distance 1s equal to the
width of an odd number of haltf-periods of the EM emissions
generated 1in the selected mode of operation. In some
embodiments, the oflset distance 1s equal to the width of one
vane and one cavity. In some embodiments, the oflset
distance 1s sized such that a first vane having a predeter-
mined EM polarity i1s laterally aligned with a second vane
having an equivalent EM polarity. In some embodiments,
one or more apertures are formed 1n one or more of the
cavities between each of the first and second vanes, said
apertures being sized and configured to permit extraction of
EM emissions from said cavities. Furthermore, extractors
are coupled to said apertures to transfer EM emissions away
from the anode to an intended load. In certain cases, each
extractor 1s a waveguide and each waveguide 1s joined
together with at least one other waveguide to form a com-
bined waveguide.

In some cases, the crossed-field device includes a short
connection member and a long connection member extend-
ing outwards from opposing ends of each of the first and
second slow-wave structures. The long connection member
1s longer than the short connection member by a distance
equal to the offset distance such that, by joining the short
connection member of each slow-wave structure 1s to the
long connection member of the opposite slow-wave struc-
ture, the first and second slow-wave structure are joined
together and the first vanes are offset from the second vanes
by the oflset distance.

In some cases, the device 1s configured to operate 1n pi1
mode such that the polarity of the EM field 1n each of the
first cavities and each of the second cavities changes by pi
radians 1n each successive cavity.

In certain embodiments, the cathode 1s a segmented mode
control cathode having a plurality of gaps formed in the
cathode. In certain cases, the gaps formed 1n the cathode are
centered on the cavities of the first and second slow-wave
structures of the anode vanes.

In certain embodiments, the device 1s configured to oper-
ate 1n even p1 mode such that laterally-aligned first and
second vanes have an equivalent EM polarity and the
polarity of the EM field in each of the first cavities and each
of the second cavities changes by pi1 radians 1n each suc-
cessive cavity.

Also disclosed 1s a method of generating electromagnetic
(EM) emissions and for carrying the EM emissions to an
intended load. The method 1including the step of providing a
crossed field device having an anode that includes a first
slow-wave structure having a plurality of {first vanes sepa-
rated by cavities formed therebetween, and a second slow-
wave structure having a plurality of second vanes separated
by cavities formed therebetween. The second vanes are
vertically spaced apart from the first vanes to provide a space

[
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therebetween. The anode further includes one or more
apertures formed 1n the cavities between each of the first and
second vanes, said apertures being sized and configured to
permit extraction of EM emissions from said cavities. At
least one of the first vanes 1s laterally aligned with one of the
second vanes, and the first vanes are oflset from the second
vanes by an oflset distance so that at least one of the first
vanes 1s not laterally aligned with a second vane and at least
one of the second vanes 1s not laterally aligned with a first
vane. Extractors are coupled to said apertures to transter EM
emissions away from the anode to an intended load. The
device further includes a segmented mode control cathode
comprising a plurality of gaps formed 1n the cathode. The
cathode 1s disposed 1n the space located between first and
second vanes. Lastly, a magnetic element for generating a
magnetic field (B) 1s oriented orthogonally to an electric
field (E) formed by the anode and cathode to generate EM
emissions. The method also includes the steps of generating
EM emissions using the crossed-field device and carrying
EM emissions to the intended load via the extractors.

BRIEF DESCRIPTION OF THE DRAWINGS

Further advantages of the invention are apparent by
reference to the detailed description when considered in
conjunction with the figures, which are not to scale so as to
more clearly show the details, wherein like reference num-
bers indicate like elements throughout the several views, and
wherein:

FIG. 1 1s a cross sectional view of an anode and cathode
configured for use 1 a recirculating planar magnetron
(RPM);

FIG. 2 1s a cutaway perspective view of an RPM having
an anode and cathode 1installed;

FIG. 3 depicts a front elevation view and a perspective
view ol an anode;

FIG. 4A 1s a sectional view of a portion of an anode and
a solid cathode:;

FIG. 4B 1s a sectional view of a portion of an anode and
a segmented or “mode control” cathode;

FIG. 5 shows dispersion plots of an RPM having a mode
control cathode 1n even and odd modes;

FIG. 6A depicts an RPM having a solid cathode and
operating in p1 mode;

FIGS. 6B and 6C depict an RPM having a mode cathode
and operating 1n even and odd p1 modes, respectively;

FIGS. 7A and 7B depict an RPM operated in even and odd
p1 modes and including RF electric field lines resulting from
those modes of operation;

FIG. 8 1s a plot of the operating space of the even and odd
p1 modes for an RPM;

FIGS. 9A and 9B depict an extracted RPM operating in
even and odd p1 modes, respectively;

FIGS. 10A and 10B depict separate waveguides joined
together 1n a combined waveguide, where the EM waves are
out of phase and 1n phase with one another, respectively;

FIG. 11 1s a perspective view of an anode for use 1n a
crossed field device operating 1n a selected mode of opera-
tion for generating electromagnetic (EM) emissions accord-
ing to an embodiment of the present invention;

FIG. 12 depicts an extracted RPM having an anode and
mode control cathode according to an embodiment of the

present invention; and
FIG. 13 depicts the RPM of FIG. 12 after apertures 1n the
anode have been blocked off.

DETAILED DESCRIPTION

Referring now to the drawings in which like reference
characters designate like or corresponding characters
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throughout the several views, there 1s shown 1 FIG. 11 an
improved anode 200 for use 1n a crossed field device
operating 1n a selected mode of operation for generating
clectromagnetic (EM) emissions according to a first embodi-
ment ol the present disclosure. The anode 200 includes
generally a first slow-wave structure 202 having a plurality
of first vanes 204 separated by cavities 206 formed therebe-
tween and a second slow-wave structure 208 having a
plurality of second vanes 210 separated by cavities 212
formed therebetween. The second vanes 210 are spaced
apart from the first vanes 204 to provide a space 214
therebetween. As shown in FIG. 12, that space 214 1s
suitably sized for a cathode 224. Although five vanes 204,
210 are 1llustrated on the slow-wave structures 202, 208, this
1s not intended to be limiting of the disclosed inventions. For
example, any number of vanes 204, 210 could be provided
depending on the application and desired output. In addition,
there may be more or less vanes 204, 210 provided in one
slow-wave structure as compared with the opposite slow-
wave structure, depending on the application and desired
output As 1n the prior art anodes 104 (FIG. 1) discussed
above, the anode 200 includes at least one first vane 204 that
1s laterally aligned with one of the second vanes 210. This
positional relationship 1s shown by solid and dashed lines
240 extending laterally across the anode 200 in FIG. 11.
However, unlike the prior art anodes discussed above, the
first vanes 204 of this anode 200 are laterally oflset from the
second vanes 210 by an ofiset distance D so that at least one
of the first vanes 1s not laterally aligned with a second vane
and at least one of the second vanes 1s not laterally aligned
with a first vane.

In this particular case, the oflset distance D 1s equal to one
period of the slow wave structures 204, 208 or the width of
one cavity 206, 212 and one vane 204, 210. Put another way,
the offset distance D 1s equal to the width of one half-period
of the EM emissions generated in the selected mode of
operation. Since, 1n this case when operating 1n p1 mode, two
cavities and two vanes are required for the polarity of the
EM emission to repeat with the slow wave structure of this
anode 200, the width of a half period 1s equal to the width
of one cavity 206, 212 and one vane 204, 210. However, 1n
other embodiments, the ofiset distance may be increased to
any odd number of half-periods of the EM emissions gen-
erated 1n the selected mode of operation. In each case, the
lateral shift may be performed in either direction. For
example, as shown, the lower planar magnetron section 208
1s shifted to the right by one period, with respect to the upper
planar magnetron section 202. The anode 200 would also
function as mtended 1t the lower planar magnetron section
208 was shifted to the left by one period, with respect to the
upper planar magnetron section 202.

At the instant in time represented by FIG. 12, the RF
clectromagnetic field configuration would result n EM
waves 216 oriented 1n a downward direction within the
upper extraction waveguides 218 and EM waves 220 ori-
ented 1n a downward direction within the lower extraction
waveguide 222. In this regard, this RPM configuration 1s
similar to the RPM 1illustrated in FIG. 9B, where the EM
waves 130, 132 were each oriented 1n the same direction. As
discussed above, having EM waves 216, 220 oriented 1n the
same direction 1s important because 1t enables EM energy to
be extracted and then constructively combined, thereby
resulting 1n the transmuittal of power 1n the output waveguide
to the intended load, as shown in FIG. 10B.

As discussed above, however, in order to achieve EM
waves that are each oriented 1n the same direction, use of the
odd p1 mode was necessary. Recall that during odd p1 mode
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operation (FIG. 7B), opposing vanes 114C, 114D 1n the
upper planar magnetron section 108 and lower planar mag-
netron section 110 have opposite polarity. Likewise, 1n the
embodiment 1llustrated 1n FIG. 12, the left-most vane 226 of
the upper magnetron section 202 has a “+” polarity and the
left-most vane 228 of the lower magnetron section 208 has
a “=” polarity. Therefore, this structure 1s similar to the RPM
in FIG. 7B that 1s operating 1in odd p1 mode. Therefore, 11 the
upper and lower planar magnetron sections 202, 208 were
not shifted by the oflset distance D, this structure would
result 1n the same structure shown previously 1 FIG. 9B and
would have the same disadvantages of that structure.

However, the first vanes 204 are offset from the second
vanes 210 by an oflset distance D equal to the width of one
cavity and one vane. This shift results in the relative polarity
on opposing (1.e., laterally aligned) vanes 204, 210 at the
istant 1n time represented being equal, such that the shifted
RPM 1s operating in the even p1 mode. Recall from FIG. 9A
that operating 1n the even p1 mode results 1n opposing vanes
having like charge at a given instant in time. This means that
the shifted RPM shown in FIG. 12 will benefit from the
alorementioned beneficial operating properties of the even
p1 mode, such as lower magnetic field requirements and
enhanced mode stability.

Shifting the upper and lower planar magnetron sections
with respect to one another requires the recirculation sec-
tions 234 to be altered to maintain the electromagnetic
connection between the shifted planar magnetron sections.
In particular, after laterally shifting the magnetron sections
202, 208 with respect to one another one, one side of each
of the recirculation sections 234 1s longer than the other 1n
order to accommodate this shift. Accordingly, the anode
includes a short connection member 230 and a long con-
nection member 232 extending outwards from opposing
ends of each of the upper magnetron section 202 and the
lower magnetron section 208. In FIG. 12, the connection
members 230, 232 are located on the left-most and right-
most ends of the upper magnetron section 202 and the lower
magnetron section 208. Each of the long connection mem-
bers 232 1s longer than the short connection members 230 by
a distance equal to the offset distance D. Thus, by joining the
short connection member 230 of each slow-wave structure
to the long connection member 232 of the opposite slow-

wave structure, the first and second slow-wave structures

.

202, 208 are joined together and the first vanes 204 are oflset
from the second vanes 210 by the oflset distance D.

The anode 200 1s provided with one or more apertures 236
formed 1n one or more of the cavities 206, 212 between each
of the first and second vanes 204, 210. The apertures are
s1ized and configured to permit extraction of EM emissions
from the cavities 206, 212. Extraction waveguides 218, 222
are coupled to each of the apertures 236 for transierring EM
emissions away from the anode 200 to an intended load.
Preferably, the separate waveguides are joined together with
at least one other waveguide to form a combined waveguide.
Due to the preferred phase relationship of the RF power 1n
the upper and lower waveguides 218, 222, the EM waves
traveling into the combined waveguide would combine
constructively (i1.e., constructive interference), thereby
resulting 1n eflicient power extraction from the device. This
1s 1llustrated, for example, 1n FIG. 10B. While the apertures
236 are depicted to all be the same, 1n practice, a given
aperture or set of apertures may difler from adjacent aper-
tures or sets of apertures 1n size and geometry. This altera-
tion of aperture size 1s sometimes done for the purposes of
power balancing between waveguides, but would not inhibit
the functionality of the present invention.
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Additionally, as illustrated 1n FIG. 13, p1 mode operation
and waveguide extraction could be accomplished in the case
where only every other adjacent cavity includes an aperture
connected to an extraction waveguide.

The device 1llustrated 1in FIG. 2 includes a coaxial wave-
guide. The improved anode 200 of the present mmvention
could be used as a substitute for anode 104. Additionally, the
anode 200 would also work for non-coaxial waveguides as
well. The cross section of non-coaxial waveguides may be
rectangular, elliptical, or other more complex shapes 1n cross
section. The waveguides may include internal structures
such as single ridge structures, double ridge structures, or
more complex structures. The anode 200 disclosed herein
would be expected to function as mtended when using any
non-coaxial waveguide regardless of 1ts cross section.

Thus, as 1llustrated above, the anode design disclosed
herein gains the preferred phase relationship of the RF
power 1n the upper and lower waveguides, generally asso-
ciated with the odd p1 mode, while operating 1n the even pi
mode. The anode 200 and cathode 224 discussed above may
be substituted for the anode 104 and cathode 102 installed in
the RPM 100 shown in FIG. 2.

The foregoing description of preferred embodiments for
this disclosure have been presented for purposes of illustra-
tion and description. They are not imntended to be exhaustive
or to lmmit the disclosure to the precise form disclosed.
Obvious modifications or variations are possible 1n light of
the above teachings. The embodiments are chosen and
described 1n an eflort to provide the best illustrations of the
principles of the disclosure and 1ts practical application, and
to thereby enable one of ordinary skill 1n the art to utilize the
invention in various embodiments and with various modi-
fications as are suited to the particular use contemplated. All
such modifications and variations are within the scope of the
disclosure as determined by the appended claims when
interpreted in accordance with the breadth to which they are
tairly, legally, and equitably entitled.

What 1s claimed 1s:

1. An anode for use 1n a crossed field device operating in
a selected mode of operation for generating electromagnetic
(EM) emissions, the anode comprising: a first slow-wave
structure having a plurality of first vanes separated by
cavities formed therebetween; and a second slow-wave
structure having a plurality of second vanes separated by
cavities formed therebetween, the second vanes being ver-
tically spaced apart from the first vanes to provide a space
therebetween,

wherein at least one of the first vanes 1s laterally aligned

with one of the second vanes, and wherein the first
vanes ol plurality of first vanes are offset from the
second vanes of the plurality of second vanes by an

offset distance so that said at least one of the first vanes
1s not laterally aligned with a different second vane and
at least one of the second vanes 1s not laterally aligned
with a different first vane.

2. The anode of claim 1 wherein the offset distance 1s
equal to the width of an odd number of half-periods of the
clectromagnetic (EM) emissions generated in the selected
mode of operation.

3. The anode of claim 1 wherein the offset distance 1s
equal to the width of one vane and one cavity.

4. The anode of claim 1 wherein the offset distance 1s
sized such that a first vane having a predetermined EM
polarity 1s laterally aligned with a second vane having an
equivalent EM polarity.

5. The anode of claim 1 further comprising one or more
apertures formed 1n one or more of the cavities between each
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of the first and second vanes, said apertures being sized and
configured to permit extraction of EM emissions from said
cavities.

6. The anode of claim 5 further comprising extractors
coupled to said apertures to transfer EM emissions away
from the anode to an intended load.

7. The anode of claim 6 wherein each extractor 1s a
waveguide and each waveguide 1s joined together with at
least one other waveguide to form a combined waveguide.

8. The anode of claim 1 further comprising a short
connection member and a long connection member extend-
ing outwards from opposing ends of each of the first and
second slow-wave structures, wherein the long connection
member 1s longer than the short connection member by a

distance equal to the offset distance such that, by joining the
short connection member of each slow-wave structure to the
long connection member of the opposite slow-wave struc-
ture, the first and second slow-wave structure are joined
together and the first vanes are offset from the second vanes
by the oflset distance.

9. A crossed field device for generating electromagnetic
(EM) emissions as the cross product of an electric field (E)
and a magnetic field (B), the crossed field device operating
in a selected mode of operation and comprising: an anode
comprising;

a first slow-wave structure having a plurality of first vanes

separated by cavities formed therebetween;

a second slow-wave structure having a plurality of second
vanes separated by cavities formed therebetween, the
second vanes being vertically spaced apart from the
first vanes to provide a space therebetween,

wherein at least one of the first vanes 1s laterally aligned
with one of the second vanes, and

wherein the first vanes of plurality of first vanes are offset
from the second vanes of plurality of second vanes by
an oflset distance so that said at least one of the first
vanes 1s not laterally aligned with a different second
vane and at least one of the second vanes 1s not laterally
aligned with a diflerent first vane;

a cathode disposed in the space located between first and
second vanes; and

a magnetic element for generating a magnetic field (B),
which 1s oriented orthogonally to an electric field (E)
formed by the anode and cathode to generate EM
€missions.

10. The crossed-field device of claim 9 wherein the offset
distance 1s equal to the width of an odd number of hali-
periods of the EM emissions generated 1n the selected mode
ol operation.

11. The crossed-field device of claim 9 wherein the offset
distance 1s equal to the width of one vane and one cavity.

12. The crossed-field device of claim 9 wherein the offset
distance 1s sized such that a first vane having a predeter-
mined EM polarity 1s laterally aligned with a second vane
having an equivalent EM polarity.

13. The crossed-field device of claim 9 further compris-
ng:

one or more apertures formed in one or more of the
cavities between each of the first and second vanes, said
apertures being sized and configured to permit extrac-
tion of EM emissions from said cavities;

extractors coupled to said apertures to transfer EM emis-
sions away from the anode to an intended load.
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14. The crossed-field device of claim 13 wherein each
extractor 1s a waveguide and each waveguide 1s joined
together with at least one other waveguide to form a com-
bined waveguide.

15. The crossed-field device of claim 9 further comprising
a short connection member and a long connection member
extending outwards from opposing ends of each of the first
and second slow-wave structures, wherein the long connec-
tion member 1s longer than the short connection member by
a distance equal to the ofiset distance such that, by joining
the short connection member of each slow-wave structure 1s
to the long connection member of the opposite slow-wave
structure, the first and second slow-wave structure are joined
together and the first vanes are oflset from the second vanes

by the offset distance.

16. The crossed field device of claim 9 wherein the device
1s configured to operate 1n p1 mode such that the polanty of
the EM field 1n each of the first cavities and each of the
second cavities changes by p1 radians in each successive
cavity.

17. The crossed field device of claim 9 wherein the
cathode 1s a segmented mode control cathode comprising a
plurality of gaps formed 1n the cathode.

18. The crossed field device of claim 17 wherein the gaps
formed 1n the cathode are centered on the cavities of the first
and second slow-wave structures of the anode vanes.

19. The crossed field device of claim 17 wherein the
device 1s configured to operate m even p1 mode such that
laterally-aligned first and second vanes have an equivalent
EM polarity and the polarity of the EM field in each of the
first cavities and each of the second cavities changes by pi1
radians 1n each successive cavity.

20. A method of generating electromagnetic (EM) emis-
s1ons and for carrying the EM emissions to an intended load,
the method comprising the steps of: providing a crossed field
device comprising: an anode comprising a first slow-wave
structure having a plurality of first vanes separated by
cavities formed therebetween; a second slow-wave structure
having a plurality of second vanes separated by cavities
formed therebetween, the second vanes being vertically
spaced apart from the first vanes to provide a space ther-
cbetween; one or more apertures formed in the cavities
between each of the first and second vanes, said apertures
being sized and configured to permit extraction of EM
emissions from said cavities; wherein at least one of the first
vanes 1s laterally aligned with one of the second vanes, and

wherein the first vanes of plurality of first vanes are offset
from the second vanes of plurality of second vanes by
an oifset distance so that said at least one of the first
vanes 1s not laterally aligned with a different second
vane and at least one of the second vanes 1s not laterally
aligned with a different first vane; extractors coupled to
said apertures to transifer EM emissions away from the
anode to an intended load:;

a segmented mode control cathode comprising a plurality
of gaps formed 1n the cathode, the cathode disposed 1n
the space located between first and second vanes; and

a magnetic element for generating a magnetic field (B)
that 1s oriented orthogonally to an electric field (E)
formed by the anode and cathode to generate EM
emissions; generating EM emissions using the crossed-
field device; and carrying EM emissions to the intended
load via the extractors.
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